Abstract-The fast and accurate detection of the single-phaseto-ground fault is of great significance for the reliability and safety of the power supply. In this paper, novel algorithms for distribution network protection were proposed with distributed parameters analysis in non-direct grounded systems. At first, novel generating mechanisms of zero-sequence voltage and residual current were proposed. Then the compositions of residue parameters, including residual current and residual admittances, were decomposed in detail. After that, an improved algorithm for a fault resistance calculation of a single phase-to-earth fault was also proposed, and the algorithm is much more convenient as it only needs to measure the variation of the zero-sequence voltage and dows not need the prerequisites of the faulty feeder selection. Still further, the fault feeder can also be selected by an improved calculation algorithm of zero-sequence admittance of the faulty feeder, which cannot be affected by the asymmetry of the network. Theoretical analysis and the MATALB/Simulink simulation results demonstrate the effectiveness of the proposed algorithms.
I. INTRODUCTION
Most prone to fault in power systems are the distribution lines, and a large majority of which are generally single-phase-to-ground faults. Power distribution lines have represented an extremely important role in achieving the necessary continuity of service from substations to customers [1] . As the fault current is small and the line-to-line voltage remains constant, the supply of electric power can be maintained for a long time when the single-phase-to-ground fault occurs in high impedance grounded networks which have been widely used in Europe and Asia [2] , [3] .
In compensation grounding systems, as the Petersen coil produces inductive current at the neutral point of the network to compensate the capacitive fault current, the detection of a single-phase-to-ground fault is more difficult than that in solid grounded systems. And then, the zero-sequence over the current protection algorithm and zero-sequence captive current direction based protection algorithm are no longer applicable in compensated networks [4] - [6] . But the grounding fault protection algorithm based on the active component direction of the zero sequence current cannot be influenced by the compensation of the Petersen coil [7] . However, compared with the residual current in the feeder, the active component is small, let alone the low-current faults are produced by high fault resistance. So the sensitivity of the conventional detection algorithm was low [7] . In addition, the active component of the zero-sequence current can also be influenced a lot by the asymmetry of the networks, especially in high resistance ground faults.
The most important steady state data based algorithms for single-phase-to-ground fault detection are DESIR (Detection Sélective par des Intensités Residuéls/"Selective Detection using Residual Currents") and DDA (Differential Detection using phase-to-ground Admittances) [2] , [6] - [8] . These algorithms are generally based on calculating and monitoring the resistances of each phase and feeder, partial residual neutral voltages, relative variations of the line asymmetries and phase asymmetries [9] , [10] . In addition, there is an algorithm based on the change of the neutral-voltage and zero-sequence currents [11] . However, these algorithms present a limitation with their application in the certain grounding systems [1] . Reference [1] proposes a new method of detecting the low-current faults based on monitoring the residual variations of the line and phase asymmetries, which can be used in both compensated and ungrounded mid-voltage networks. As the magnitude of line and phase asymmetry is small, it is difficult to obtain accurate measurement results.
There are also several methodologies proposed to detect single-phase earth faults, including artificial-intelligence (AI) techniques [12] , [13] , Laplace trend statistics (LTS) [14] , and transient-state data analysis (TDA) (e.g., wavelet transform, traveling wave, etc.) [15] - [18] . All these methodologies have improved the detection of single-phase-to-ground fault, but each has its own shortcomings, such as, AI and LTS based techniques are still not yet mature enough for implementation in various conditions, and TDA based techniques needs more complicated algorithms to practically discriminate between before and during faults [5] , [15] .
In this paper, novel generating mechanisms of zerosequence voltage and residual current are first proposed. According to the novel generating mechanisms, the compositions of the residual current and residual admittance can be decomposed in detail, and the influence of the feeder's asymmetry is considered. Then the single-phase-to-ground fault protection algorithms are proposed, which include the fault resistance measurement and fault feeder selection. And the effectiveness of the proposed component analysis of residual parameters and earth fault protection algorithms are 
A. Zero-sequence Voltage Generating Mechanism
Strictly speaking, the distribution parameters of feeders in non-direct grounded networks are asymmetrical, which is decided by the feeders' laying form and structure. If all feeders of a network are cable, the range of the asymmetry coefficient is 0.2%-0.5%; if all feeders are overhead lines with transposition, the range of the asymmetry coefficient is 0.5%-1.5%; and if the overhead lines are without transposition, the range of the asymmetry coefficient is 1.5%-5% [19] , [20] .
Consider the simplified equivalent circuit of non-direct grounded systems with 1 feeder shown in Fig. 1 , where C A , C B , C C are the phase-to-earth capacitance, respectively; G A , G B , G C are the phase-to-earth conductance, respectively; 0 Y  is the neutral grounding admittance. 
1) In Solid Grounded Systems
In solid grounded systems, the neutral-to-earth voltage is 0. The residual current res I  can be calculated as:
are the rotation operators (2π/3, 4π/3, respectively) in the complex plane; 0 k  is the natural unbalanced parameters of the feeder; bd I  is the natural unbalance current. bd I  and 0 k  are only determined by the structure of the network. If the distribution parameters of the whole network are symmetrical, bd 0 I =  .
2) In Ungrounded Systems
For the ungrounded systems, the switch K shown in Fig.1 is off. As is widely known, there is no residual current in ungrounded systems. But the natural unbalance current is not 0 (i.e., bd 0 I ≠  ). In order to meet Kirchhoff's current law, the network should generate the zero-sequence voltage at the neutral point adaptively. As the neutral-to-earth voltage in ungrounded systems is only determined by the asymmetry of the line distributed parameters, the neutral-to-earth voltage bd U  in ungrounded systems can also be named as the natural unbalanced voltage. The current Ubd I  produced by the natural unbalanced voltage bd U  on the total zero-sequence impedance is: 
From (1)- (3), in ungrounded systems, the natural unbalanced voltage bd U  can be calculated as:
Equation (4) is the same as the formula in [21] calculated by using Kirchhoff's voltage law.
3) In Non-direct Grounded Systems
The non-direct grounded systems include ungrounded, impedance grounded, and resonant grounded systems. The total zero sequence admittance of the non-direct grounded network 
From (1) and (5), in non-direct grounded networks, the neutral-to-earth voltage 0 U  can be calculated as:
Through the above derivation we can form a novel generating mechanism of neutral-to-earth voltage in the power network and its physical meaning are expounded: asymmetrical power network produces the neutral-to-earth voltage adaptively, and the current produced by the neutral-to-earth voltage on the total zero-sequence impedance compensates the natural unbalance current completely. So, the neutral-to-earth voltage is controlled by the total zerosequence impedance and the natural unbalance current, jointly.
B. Residual-current Generating Mechanism
In practice, the residual current exists in asymmetrical networks. The generation condition of the residual current is that the zero-sequence voltage is not equal to the natural unbalanced voltage of the feeder. For the ungrounded network with several feeders, the residual current exists in each feeder, but the sum of the residual currents of all feeders is 0.
From (1)- (3), the residual current of the solid grounded feeder can be rewritten as: Analogously, the residual current res I  of the non-direct grounded system is equal to the neutral-to-earth current, as:
From (4), (6) and (8), res I  can be calculated as:
As can be seen from (7) and (9), despite the grounding modes being different, the calculation form of the residual currents are the same. Through the above derivation we can form a novel generating mechanism of the residual current in the power network and its physical meaning are expounded: asymmetrical power network produces the residual current adaptively, and the current produced by the residual voltage res U ∆  on the zero-sequence impedance of the feeder is residual current. So, the residual current is controlled by the zero-sequence impedance and the residual voltage, jointly.
Residual voltage can be changed by injecting the fundamental frequency current at the neutral-to-earth point [1] , [7] , [22] , or by adjusting the neutral-to-earth impedance, such as the Petersen coil [23] , [24] .
III. COMPONENT ANALYSIS OF RESIDUAL PARAMETERS

A. Component Analysis of Residual Current
According to the static version of DESIR [1] , [6] , [7] , [25] , in the earth fault state, the residual current of the feeders was considered as the sum of two independent parts. One part is the sum of the phase-to-ground capacitive, and other part is dependent on the asymmetry of the distribution parameters. However, the leakage resistances of the feeders in the static version of DESIR were neglected. Actually, the damping coefficient d usually changes from 3% to 5%, which depends on the feeder's age, environmental humidity, temperature, etc [1] , [2] , [19] , [20] .
A more detailed component analysis of the residual current is presented below.
1) In the Normal State
Consider the simplified equivalent circuit of a radial operated distribution system with n feeders shown in Fig.2 . According to the generating mechanisms of the zero-sequence voltage and residual current proposed above, zero-sequence voltage 0 U  of a distribution system with n feeders in the normal state can be calculated as:
where bd I Σ  is the sum of the natural unbalance current of each feeder, bd bd 1 
where i Y Σ  is the zero-sequence admittance of the feeder i, C Σi is the total distributed capacitance of the feeder i, and G Σi is the total distributed conductance of the feeder i. The residual current resi I  of the feeder i and the total residual current res I Σ  of the system can be written respectively, as:
As the asymmetry of each feeder is random and independent, each feeder always has residual current.
From (10)- (12), the residual current of the feeder i in (12) can be rewritten as:
where i τ is the quotient, and
. From (14) , in the normal state of the network, the residual current of a feeder is the sum of two independent parts. One part is the natural unbalance current bdi I  of the feeder, and the other part is proportional to the total natural unbalance current bd I Σ  of the network. Through the above derivation, in the normal state of the network, the small-random residual current of a feeder is determined not only by the natural unbalance of itself, but also by the natural unbalance of the whole system.
The sum residual current of all feeders in (13) can be rewritten as: 
2) In the Single-phase-to-ground Fault State
If the single-phase-to-ground fault is represented by a transition conductance G F in feeder i, the zero-sequence voltage 0F U  can be calculated as:
where bdF I  is the unbalance current caused by the transition conductance G F , bdF
And the natural unbalanced voltage of the fault feeder i is:
The residual current of the fault feeder i and the sound feeder 1 can be written respectively, as:
From (16)- (18), the residual current of the fault feeder i in (18) can be rewritten as:
where
. Likewise, the residual current of the sound feeder 1 in (19) can be rewritten as: resS1 S1 bd S1 bdF bd1
where S1
. From (20) and (21), the residual current in the fault network is the sum of three independent parts. One part is the natural unbalance current of the feeder, the second part is proportional to the total natural unbalance current of the system bd I Σ  , and the third part is proportional to the unbalance current caused by the transition conductance bdF I  .
If the single-phase-to-ground fault is metallic, F G → ∞ , the unbalance introduced by the earth fault is considerably greater than the natural unbalances of the feeder. (20) and (21) which can be rewritten as:
resS1 bd1
From (22) and (23), in the metallic single-phase-to-ground fault, the residual current of the sound feeder is equal to its natural unbalance current, and the residual current of the faulty feeder is equal to the negative sum of all sound feeders' natural unbalance current. Then, the fault feeder can be selected. But, with low accuracy introduced by the asymmetry of the network, this method cannot be used in the condition of the high-resistance-ground fault.
B. Component Analysis of Residual Admittance
In the static version of DESIR [1] , [6] , [7] , [25] , the residual current of the healthy feeders were considered as perpendicular to the zero-sequence voltage. By analyzing the residual admittance, a fresh judgement of the phase relationship between the residual current and zero-sequence voltage is essential.
1) In the Normal State
The residual admittance of the feeder in this paper is defined as the quotient of the residual current divided by the zero-sequence voltage. In the normal state of the network, the residual admittances resS Y  of the sound feeder can be calculated by using (10)- (12), as:
From (24), the residual admittance of the sound feeder is the sum of two independent parts. One part is the sum of the zero-sequence admittances of the feeder (i.e., S Y Σ  ), the other part is proportional to the zero-sequence admittance of the total system (i.e., Y Y Σ  
From (25), the residual admittance of the fault feeder is the sum of three independent parts. Likewise, the residual admittances resS1 Y  of the sound feeder 1 can be calculated as:
From (26), the residual admittance of the sound feeder is also the sum of three independent parts. And the residual admittance of the sound feeder can also be affected by the transition conductance G F . According to the component analysis of the residual admittance, the phase relationship between the residual current and the zero-sequence voltage is complex.
If the single-phase-to-ground fault is metallic, F G → ∞ , the unbalance introduced by the earth fault is considerably greater than the natural unbalance of the feeder. (25) and (26) can be rewritten as:
From (27) and (28), as the unbalanced parameters (i.e., i k  and k Σ  ) are much smaller than the zero-sequence admittance (i.e., i Y Σ  and Y Y Σ  ), the residual admittance of the sound feeder is equal to its zero-sequence admittances, and the faulty feeder's residual admittance is equal to the neutral grounding admittance plus the negative sum of all the sound feeders' zero-sequence admittances. In the metallic single-phase-toground fault, the residual current of the healthy feeders is almost perpendicular to the zero-sequence voltage. Then, the faulty feeder can be selected. But with low accuracy introduced by the asymmetry of the network, this method also cannot be used in the condition of the high-resistance-earth fault.
IV. ALGORITHMS FOR EARTH FAULTS PROTECTION
A. Protection Algorithm of Fault Resistance Measurements
The algorithm of DDA can calculate the faulted current and the fault resistance [6] , [7] , [25] . But this algorithm needs some preconditions, such as the fault feeder should be selected correctly and the fault feeder's zero-sequence admittances should be measured accurately. What's more, this algorithm not only needs to measure the variations of the zero-sequence voltage, but also needs to measure the variation of the residual current. Thus, it is complicated. And the DDA algorithm has ignored the leakage conductance in its theoretical model. From (10)- (12) , in the normal state of the network, the natural unbalanced current of the feeder i can be rewritten as:
From (16)- (18), if a single-phase-to-ground fault is represented by a transition conductance G F in feeder i, the residual current of the fault feeder i can be rewritten as: If the single-phase-to-ground fault occurred on phase A, the fault resistance can be calculated as:
Equation (32) is derived based on the relationship of the residual current and zero-sequence voltage, which is the same as with algorithm DDA [6] , [7] , [25] . As the theoretical model takes the leakage conductance of the feeder into account, (32) has the advantage of higher accuracy than the DDA algorithm. As the DDA algorithm needs to measure the residual current variation resFi I ∆  of the fault feeder, the fault feeder selection is a prerequisite for the fault resistance calculation. So it is of some complexity. A simplified algorithm is proposed below. According to Kirchhoff's current law (KCL), the sum of the residual current variation of all feeders is equal to the variation current of the neutral-to-ground current. The residual current variation of the sound feeder 1 caused by the single-phase-toground fault can be calculated as:
Then the residual current variation of the fault feeder i caused by the single-phase-to-ground fault can be calculated as:
From (32) and (34), the faulted current can be recalculated as:
If the single-phase ground fault occurred on phase A, the fault resistance can be calculated as:
In (36), it is not necessary to measure the residual current variation of the fault feeder. So it is not necessary to select the fault feeder. Since the fault current F I  has the same phase-angle with the fault phase-voltage 0FA
0F
A U U E = +    , the fault phase can be selected by comparing the phase-angle.
In distribution systems, the normal switching events (such as switching on/off a feeder) are essential. In order to measure the fault resistance adaptively, the total zero-sequence admittance of the network (i.e., Y Y Σ  ) should be recalculated after the switching events. At present, many algorithms for the total zero-sequence admittance measurements in a non-direct grounded system have been proposed [19] , [26] .
B. Protection Algorithm of Fault Feeder Selection
In order to select the fault feeder, [27] has proposed a ground fault protection method based on the zero-sequence calculated admittance. In [27] , the asymmetry of the network was not taken into account. The zero-sequence calculated admittance of the sound feeder 0S1 Y  and the fault feeder 0Fi Y  were calculated respectively, as:
From (37) and (38), the zero-sequence calculated admittance is equivalent to the residual admittance. However, almost all networks are asymmetrical, so this method suffers from the disadvantage of low accuracy in the condition of the high-resistance-earth fault. And comparing (27) with (37), and (28) with (38), this method can only be used in the case of a metallic single-phase earth fault. An improved measurement of zero-sequence calculated admittance is proposed below which can eliminate the deviation introduced by the asymmetry of the network.
1) Zero-sequence Calculated Admittance of the Sound Feeder
From (12) and (19) , the improved zero-sequence calculated admittance of the sound feeder 1 can be calculated as:
where resS1 resS1 res1
I ∆  is the residual current variation of the sound feeder 1 caused by the earth fault.
2) Zero-sequence Calculated Admittance of the Fault Feeder
From (12) and (18), the residual current variation of the fault feeder i can be calculated as:
From (35) and (40), the improved zero-sequence calculated admittance of the fault feeder i can be calculated as:
Based on the above analysis, the fault feeder can be selected by comparing the zero-sequence calculated admittance. In particular, the zero-sequence calculated admittance of the sound feeder is equal to its zero-sequence admittance, but the zero-sequence calculated admittance of the fault feeder is equal to the value that its zero-sequence admittance minus the total zero-sequence admittance of the network. In addition, as the improved fault feeder selection algorithm only needs to measure the variation of each feeder's residual current, the switching events have nothing to do with the algorithm as well as the fault resistance and the asymmetry of the network.
V. SIMULATION ANALYSIS
In order to validate the low-current fault detection algorithms proposed, extensive simulation tests have been run by using the Matlab/Simulink shown in Fig. 3 . The simulation system is a 10 kV distribution network whose angular frequency is 50Hz. The simulation system has three feeders. Different neutral grounded modes were considered. The influences of the unbalanced distribution parameters were also investigated. Performance of the protection against earth faults was assessed. The zero sequence parameters of the simulation system are listed in Table I . According to the simulation system parameters listed in Table I , theoretical values of the natural unbalanced voltage bd U  and the natural unbalance currents bd I  were calculated respectively by using (1) and (4) . Simulation values of the natural unbalanced voltage bd U  and the natural unbalance current bd I  were measured respectively in the simulation system. Theoretical and simulation results are shown in Table  II .
1) Component Analysis of the Residual Current
According to the parameters of the simulation system in Table I , the quotient i τ in (14) can be calculated. And according to the natural unbalance currents in Table II , the theoretical results of the residual currents can be calculated by using (14) . Theoretical and simulation results of the residual currents of each feeder in the resistance grounded system are shown in Table III . The ground resistance is 800Ω. Table VI shows that (14) can calculate the residual current accurately which illustrates that the component analysis of the residual current is correct.
2) Component Analysis of Residual Admittance
As the natural unbalance currents are presented in Table II, bd bd i I I Σ   can be calculated. And according to the simulation system parameters in Table I , the theoretical results of the feeder residual admittances can be calculated by using (24) . Theoretical and simulation results of the residual admittances of each feeder in the resistance grounded system are shown in Table IV . The neutral ground resistance is also 800Ω. Table IV shows that (24) can calculate the residual admittance accurately which illustrates that the component analysis of the residual admittance is correct.
In addition, according to the simulation system parameters in Table I Table V shows that (35) can calculate the fault current accurately which is much more simplified than the ADD algorithm. Then the phase angles of phase A, B, and C were measured. As the phase angle of phase A is equal to the phase angle of the fault current, the fault phase can be selected. And the fault resistance can be calculated by using (36). Simulation results of the fault phase selection and fault resistance measurement are listed in Table VI. Table VII shows that the fault current and fault resistance can be calculated only by measuring the variation of the zerosequence voltage, which is more convenient than DDA.
4) Fault Feeder Selection
The single-phase ground fault was also set in feeder 2 (phase A). According to the simulation system parameters listed in Table I , the zero-sequence calculated admittance of feeder 1, feeder 2, and feeder 3 are 3.889 2914×10 S, respectively. The traditional fault feeder selection method based on the zero-sequence calculated admittance which can be calculated by using (37) and (38) was simulated first. Simulation results with different fault resistance (i.e. 10 Ω and 1 500 Ω) are listed in Table VII and  Table VIII , respectively. From Table VII and Table VIII , in the condition of the high-resistance-earth fault (i.e. 1 500 Ω), the traditional fault feeder selection method is invalid. However, an improved fault feeder selection method was proposed, and the zero-sequence calculated admittance can be calculated by using (39) and (41). Simulation results with a 1 500 Ω fault resistance are listed in Table IX . Table IX shows that (39) and (41) can calculate the zero-sequence calculated admittance accurately, and the improved fault feeder selection method will not be affected by the fault resistance, neutral point grounded conditions, and the asymmetry of the network.
VI. CONCLUSION
In this paper, several algorithms for single-phase-to-ground fault detection with distributed parameters analysis in a non-direct grounded system were proposed. The novel generating mechanisms of zero-sequence voltage and residual current enrich the phase-sequence-analysis theory. The residual current and the residual admittance in the fault network can be decomposed into three separate parts. According to the component analysis of the residual admittance, the phase relationship between the residual current and zero-sequence voltage can also be recognized more accurately. The fault current and fault resistance can be calculated accurately only by measuring the zero-sequence voltage variation caused by the single-phase earth fault. It no longer needs the prerequisites of the faulty feeder selection and the fault feeder's zero-sequence admittances measurement. And the fault phase can also be selected. The fault feeder can be selected by comparing the zero-sequence calculated admittance, which only needs to measure each feeder's residual current variation. The improved fault feeder selection method will not be affected by the fault resistance and the asymmetry of the network.
